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Glomerular epithelial alterations resulting from sialic acid
surface coat removal
PETER M. ANDREWS
Georgetown University, Department ofAnatomy, Schools of Medicine and Dentistry, Washington, D.C.
Glomerular epithelial alterations resulting from sialic acid sur-
face coat removal. An in vitro model system for studying kidney
glomeruli was used to investigate the effects of glomerular epi-
thelial sialic acid surface coat removal on the fine structure of
these cells. The glomeruli exposed on the surfaces of rat kidney
slices were incubated in either oxygenated normothermic Ty-
rode's balanced salt solution or culture medium, each with and
without the enzyme neuraminidase. After 6 hours of incubation
in Tyrode's or culture medium alone, the only significant altera-
tion of the glomerular epithelium was an increase in number and
length of free surface microvilli and an increase in cytoplasmic
lipid inclusions. After 3 hours of incubation in these solutions
plus neuraminidase (0.067 U/ml of solution), there was a signifi-
cant reduction in the glomerular sialic acid surface coat as deter-
mined by the colloidal iron staining technique. Coincident with
this sialic acid removal, there was a loss of podocyte foot proc-
esses and filtration slits and the formation of numerous knoblike
projections of the plasmalemma over the glomerular epithelium.
By transmission electron microscopy, it appeared that junctional
complexes had formed between many podocyte processes and
that these processes had retracted toward the cell body. Also
noted was the displacement of filtration slit diaphragms away
from the glomerular basal lamina and an apparent extensive fold-
ing of these diaphragms. Samples examined after 6 hours of in-
cubation in neuraminidase appeared similar to the 3 hour sam-
ples except that most of the knobby projections of the glomerular
epithelial plasmalemma were gone. The foregoing fine structural
alterations resulting from glomerular epithelial sialic acid surface
coat removal closely parallel changes exibited by these cells dur-
ing puromycin aminonucleoside nephrosis. The possible signifi-
cance of these fine structural changes in the etiology of glomeru-
lar disease is discussed.
Modifications épithéliales glomerulaires consécutives a l'abla-
tion de Ia couche superflcielle d'acide sialique. Un modèle in
vitro d'étude des glomerules rénaux a dté employé pour étudier
les effets de l'ablation de Ia couche superficielle d'acide sialique
sur la structure microscopique de ces cellules. Les glomérules
exposés a Ia surface de tranches de reins de rats onté étë incubés
soit dans du Tyrode oxygdné et réchauffd, soit dans du milieu de
culture avec ou sans neuramidase. Aprés 6 heures d'incubation
dans le Tyrode ou le milieu de culture seuls, les seules modifica-
tions significatives de l'dpithélium glomdrulaire sont une aug-
mentation du nombre et de Ia longueur des microvillosités libres
a la surface et une augmentation des inclusions lipidiques du
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cytoplasme. Après 3 heures d'incubation daris ces solutions ad-
ditionnées de neuramidase (0,067 U/mI de solution) ii y a une
diminution significative de la couche superficielle d'acide sia-
lique objectivëe par la coloration au moyen du fer colloidal. En
méme temps on observe une diminution des processus pédiculés
des podocytes et des fentes de filtration et Ia formation de nom-
breuses projections bosselées du plasmalemme sur l'épithdlium
glomdrulaire. En microscopie électronique par transmission il
apparalt que des complexes jonctionnels se soft formds entre de
nombreux processus pédiculés et que ces processus se sont ré-
tractés contre le corps cellulaire. On remarque aussi un déplace-
ment des diaphragmes des fentes de filtration a distance de Ia
couche basale du glomérule et une plicature apparente de ces
diaphragmes. Les dchantillons étudiés aprês 6 heures d'incu-
bation dans Ia neuramidase paraissent semblables 6 ceux
ëtudiés après 3 heures, a ceci pres que la plupart des projections
bosselées du plasmalemme de l'epithélium glomérulaire ont dis-
paru. Les modifications ainsi décrites consécutives a l'ablation
de Ia couche superficielle d'acide sialique sont très semblables 6
celles observées au cours de la néphrose induite par Ia puromy-
cine. La signification possible de ces modifications structurales
dans l'étiologie de l'atteinte glomerulaire est discutée.
A variety of histochemical techniques have
shown that the kidney glomerular epithelium pos-
sesses a prominent free surface coat of acid glyco-
proteins f 1-7]. This surface coat stains heavily with
colloidal iron at low pH and is specifically removed
with neuraminidase, indicating that a major com-
ponent of this coat is sialic acid [1, 2, 6]. Michael
and Blau et al have reported that coincident with
the onset of puromycin aminonucleoside nephrosis
(PAN) and human glomerular disease characterized
by proteinuria, there is a significant reduction in this
sialic acid surface coat [6, 8, 9]. These investigators
suggested that a reduction in cell surface poly-
anionic charge resulting from loss of sialic acid may
lead to reduced electrostatic repulsion between and
the resultant characteristic loss of glomerular epi-
thelial cell (podocyte) foot processes (pedicels) seen
in some proteinuric states. This theory has been
supported by Seiler et al [10, 11] in two elegant
transmission electron microscopic studies and more
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recently by my studies [121 in which neutralization
of the glomerular polyanionic surface charge was
shown to result in a reduction in and loss of inter-
pedicular filtration slits.
In the present investigation, the fine structural al-
terations of glomerular epithelial cells which result
from enzymatic removal of the sialic acid surface
coat are described. An in vitro system developed in
our laboratory for maintaining viable glomeruli ex-
posed on the surfaces of rat kidney cortical slices
was used to study this epithelium [13]. Sialic acid
was specifically digested away by treatment of
glomerular surfaces with the enzyme neuraminidase.
The extent of glomerular sialic acid removal was de-
termined histochemically with the colloidal iron stain-
ing technique [14]. Fine structural alterations result-
ing from this removal were evaluated by combined
transmission and scanning electron miscroscopy.
Methods
Fisher F inbred rats were used throughout the
course of this investigation. The kidneys from these
rats were prepared in vitro study by techniques de-
scribed in detail in another investigation [13]. Brief-
ly, rat kidneys are cleared of blood by in situ vascu-
lar perfusion of oxygenated, normothermic (370 C)
Tyrode's balanced salt solution (TBSS) [15]. The
kidneys then are excised from the body, cut into
thin slices (1 mm), and immersed in oxygenated
normothermic TBSS or Medium 199 with Earle's
salts (Gibco) for various timed intervals. Glomeru-
lar epithelial cells exposed on surfaces of kidney
slices can be maintained routinely in the above
manner for 12 hours without any resulting degener-
ation or major alteration of their fine structure [13].
For each kidney studied in vitro, the first slice cut
was fixed immediately by immersion in phosphate
buffered 3% glutaraidehyde (pH, 7.2; 410 mOsm).
The remaining rat kidney slices were immersed in
either 150 ml of oxygenated normothermic TBSS
(controls) or in 150 ml of oxygenated normothermic
TBSS containing 0.067 U/mi neuraminidase (Sigma
type V prepared from Clostridium perfringens). At
time intervals of 15 mm, 30 mm, 1 hour, 3 hours,
and 6 hours during incubation, three slices were re-
moved from each solution and fixed by immersion
in phosphate buffered 3% glutaraldehyde. The
above experiment was repeated twice with TBSS
and once with 199 medium plus Hepes buffer in
place of the TBSS.
One of the three samples obtained at each time
interval was dehydrated through graded acetones
and critical-point dried [161. Dried samples were
mounted on aluminum stubs, coated with a thin lay-
er of palladiumlgold (10 nm) in a sputter coater
(Hummer II) and viewed with a JEOL JSM U-3
scanning electron microscope operating at 25 kV.
The second samples obtained at each time interval
were stained at a pH of 1.10 with the colloidal iron
technique described by Gasic and Berwick [14].
These samples were then postfixed in phosphate-
buffered 1% osmium tetroxide, dehydrated through
graded ethanols to propylene oxide, and embedded
in a mixture of Epon and Araldite resins. Thick sec-
tions (1 to 2gm) were viewed and photographed us-
ing a Zeiss RA light microscope equipped with a 35-
mm camera attachment. This same material was al-
so cut in thin sections (50 to 80 nm) and viewed in a
Phillips EM-200 transmission electron microscope
operating at 80 kV. The third samples of control and
neuraminidase-treated kidney slices fixed at each
time interval were postfixed in phosphate-buffered
1% osmium tetroxide and stained en bloc in uranyl
acetate. These samples were then dehydrated
through graded ethanol to propylene oxide and em-
bedded in a mixture of Epon and Araldite resins.
Thin sections (50 to 80 nm) poststained with uranyl
acetate and lead citrate [17] were studied with a
Philips EM-200 transmission electron microscope
operating at 80 kV.
Results
Thick sections of colloidal iron-stained glomeruli
exposed on the surfaces of kidney slices and fixed
immediately after excision from the body reveal a
thick precipitate of Prussian blue over the glomeru-
lar epithelium. After 3 to 6 hours of incubation in
normothermic oxygenated TBSS, there is no dis-
cernible reduction in the intensity of this prominent
Prussian blue staining (Fig. 1). After 1 hour of in-
cubation in TBSS containing the enzyme neuramin-
idase, only a slight decrease in the Prussian blue
precipitate is noted. After 3 hours of incubation in
neuraminidase, however, there is a very dramatic
reduction in Prussian blue precipitate over the gb-
merular epithelium (Fig. 2). In that colloidal iron
staining was carried out at a pH of 1.10, it may be
assumed that this reduction in Prussian blue in the
3-hour samples resulted from neuraminidase re-
moval of sialic acid over the glomerular epithelium
[14]. About the same degree of glomerular sialic
acid coat loss is noted in samples incubated for 6
hours in neuraminidase. Transmission electron mi-
croscopic evaluation of thin sections of the above
samples reveal similar differences in the amount of
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Fig. 1. Light microscopic micrograph of a glomerulus (G) which has been incubated for3 hours in TBSS and stained with colloidal iron at
a pH of 1.10. Note the thick precipitate of Prussian blue (arrows) over the glomerular epithelium. UT is uriniferous tubules (x700).
Fig. 2. Light microscopic image of a glornerulus which has been incubated for 3 hours in TBSS containing 0.067 U/mI of neuraminidase.
Although this glomerulus has been stained with colloidal iron at a pH of 1.10, there is a conspicuous lack of Prussian blue precipitate due
to removal of the sialic acid surface coat by neuraminidase (><700).
iron precipitate over 3- and 6-hour control versus 3-
and 6-hour neuraminidase-treated glomeruli.
The fine structure of podocytes, as revealed by
combined scanning and transmission electron mi-
croscopy, has been described in detail in previous
publications [18, 19]. Briefly, these cells appear as
enlarged nucleated cell bodies from which large ma-
jor processes arise and wrap around underlying gb-
merular endothelial loops. Numerous smaller foot
processes arise at nearly right angles from major
processes and interdigitate with foot processes
from adjacent podocytes. A fine membrane (the
slit diaphragm) attaches adjacent foot processes
at the site where they abut the gbomerular basal
lamina. The cell body and major processes con-
tain a rich complement of cytoplasmic organ-
elles including numerous mitochondria, micro-
tubules, microfilaments, and scattered rough en-
doplasmic reticulum. The small foot processes,
however, contain only dense arrays of micro-
filaments and occasional pinocytotic-like vesicles.
The only significant structural alteration noted in
podocytes incubated for up to 6 hours in oxygen-
ated normothermic TBSS is an increase in number
and length of free surface microprojections (Fig. 3)
and an increase in cytoplasmic lipid inclusions (Fig.
4). Otherwise, these cells appear identical in their
topography and intracellular fine structure to podo-
cytes preserved by in situ vascular perfusion fixa-
tion of the living kidney [18, 19]. After 1 hour of
incubation in neuraminidase, no significant altera-
tion of glomerular epithelial fine structure is noted.
Coincident with the dramatic reduction in sialic acid
surface coat occurring after 3 hours of incubation in
neuraminidase, however, the glomerular epithelium
exhibits significant changes in its fine structure.
Scanning electron microscopy reveals many protru-
sions of the plasmalemma, mainly over the surfaces
of podocyte processes (Fig. 5). At high magnifica-
tion by scanning electron microscopy, it is evident
that many podocyte processes have merged with
each other, and the intervening filtration slits are no
longer evident (Fig. 6). Transmission electron mi-
croscopic examinations of thin sections verifies ex-
tensive loss of podocyte foot processes (Fig. 7) and
the formation of junctional complexes between
many of these processes (Fig. 8). These junctions
are characterized by a merging of the outer leaflets
of adjacent plasmalemmas and sometimes by a thin
region of electron dense material along the cyto-
plasmic aspect of the inner leaflets of these mem-
branes. Also noted is a displacement of the slit dia-
phragms away from the gbomerular basal lamina (for
example, over the junctional complexes) (Fig. 7)
and occasional ladder-like arrangements of fine
membranes (Fig. 9), which are believed to represent
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Fig. 3. Glomerular epithelium after 6 hours of incubation in TBSS. Nucleated cell bodies (B) are seen sending large major processes (M)
and many smaller foot processes (F) around underlying glomerular capillary ioops. Note the microvilli emerging in a plicae-like fashion
from the free surfaces of podocytes (arrows) (X 2000)
extensively folded slit diaphragms 1201. The signifi-
cantly decreased number of podocytes process in-
terdigitation seen in thin section probably reflects a
broadening and loss of these processes as they re-
tract toward the nucleated cell body. After 6 hours
of incubation in neuraminidase, there is a significant
reduction in the number of knobby surface projec-
tions of the glomerular epithelial plasmalemma
(Figs. 10 and 11). Except for this change, the 6-hour
samples appear similar by scanning and transmis-
sion electron microscopy to the 3-hour samples.
Despite the above alterations in glomerular epithe-
hal fine structure, no other alteration or deteriora-
tion of their intracellular fine structure is noted.
Discussion
The results of the present investigation indicate
that specific removal of the glomerular epithehial
sialic acid coat results in loss of glomerular epithe-
hal foot processes and glomerular filtration slits.
This loss of foot processes and the resulting fine
structural alterations closely parallel the ultrastruc-
tural changes seen during puromycin amino-
nucleoside nephrosis (PAN) 118, 20, 211. These al-
terations include the formation of junctional com-
plexes between podocyte processes, the apparent
retraction and broadening of these processes, the
displacement of filtration slit diaphragms to sites
away from the glomerular basal lamina, and the ap-
parent extensive folding of these thin diaphragms.
Another major alteration which occurs in response
to sialic acid removal is the formation of numerous
knoblike free surface microprojections of the gb-
merular epithehial plasmalemma. Similar knobby
surface microprojections, although not nearly as
many, are also a characteristic finding in PAN [18].
Whether the abundance of knobby projections seen
in the 3-hour neuraminidase-treated samples merely
reflects sialic acid removal or is a combined effect in
the in vitro incubation plus sialic acid removal is not
known.
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Fig. 4. Thin section through a glomerulus which has been incubated for 6 hours in TBSS. Except for the development of free surface
microvilli (V) and occasional lipid inclusions (L), this glomerulus is essentially normal. c is capillary lumen; D, debree; EN, endothe-
hum; F, foot processes; GE, glomerular epithelium; MS, inesangial cell (x9500).
Fig. 5. Glomerular epithelium after 3 hours of incubation in TBSS containing 0.067 U/mI of neuraminidase. Note the numerous knobby
protrusions which have developed over the glomerular epithelium (x2000).
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Fig. 6. Higher magnification view of the glomerular epithelial free surface after being incubated in 0.067 U/mI of neuraminidase for 3
hours. When studied at higher magnification by scanning electron microscopy, the once discrete foot processes and filtration slits are no
longer evident (xll,000).
The above observations lend strong support to
the theory proposed by Michael et al [6] that a re-
duction in glomerular sialic acid surface coat during
PAN may lead to the loss of podocyte foot process-
es. Using histochemical techniques, Michael et al
noted a prominent decrease in the glomerular epi-
thelial sialic acid surface coat in the glomeruli of
PAN rats as compared to normal rats [61. Among
other things, Michael et al [6] postulated that the
polyanionic charge associated with the sialic acid
coat may be responsible for maintenance of the
complex foot process architecture and that loss of
sialic acid may lead to the characteristic loss of
podocyte processes which is seen in proteinuric
states. Initial investigations providing support for
this theory were reported by Seiler et al [10, 11]. In
two transmission electron microscopic investiga-
tions, Seiler et a! showed that a reduction in gb-
merular polyanionic surface charge induced by the
intravascular perfusion of polycations (for example,
protamine sulfate, poly-l-lysine) results in a narrow-
ing and loss of interpedicular filtration slits and the
displacement and folding of filtration slit dia-
phragms. More recently, these observations were
verified by me [121, utilizing the advantages of corn-
bined scanning and transmission electron micro-
scopic viewing together with an in vitro study of the
effects of polycations on the gbomerular epitheliurn.
The latter in vitro study provided further dramatic
evidence for the retraction of glornerular epithelial
processes and the subsequent extensive folding of
filtration diaphragms in response to treatment with
polycations [12]. Other evidence suggesting that
loss of pedicels in PAN involves reduced poly-
anionic surface charge is the observation that at the
onset of PAN micronubs and microbridges (35to 40
nm in width and 40 to 60 nm in length) develop be-
tween pedicels prior to the formation of more exten-
sive occluding junctions between these processes
[18]. According to Poste and Allison [221, such mi-
crostructures would be expected to form in re-
sponse to reduced electrostatic repulsion (as would
result from a reduction in polyanionic sialic acid
coat) between biologic membranes prior to the
more extensive merging of these membranes.
In the past, some investigators have suggested
that loss of podocyte processes in PAN might
merely reflect an attempt by these cells to "mon-
itor" excess protein which was escaping across a
leaky glomerular basal lamina [21, 23]. Evidence re-
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Fig. 7. Thin section through a glomerulus which has been incubated for 3 hours in TBSS containing 0.06 7 U/mI of neuraminidase. Note
the extensive loss of discrete pedicels and filtration slits over the glotnerular capillaries. Note also the knobby irregularities of the
glomerular epithelial free surface which are also depicted by scanning electron micrographs in Figs. 5 and 6 (X9000).
Fig. 8. Higher magnification view of a junctional complex (large arrows) which has formed between adjacent podocyte processes as a
result of neuraminidase treatment. Note the displacement of the filtration slit diaphragm to a site over the junctional complex (small
arrow). BL is basal lamina; (x 190,000).
Fig. 9. A thin section depicting the apparent stacking of interpedicular slit diaphragms (small arrows) which results from neuraminidase
treatment and the resulting retraction ofpodocyte processes. Note electron dense regions on the cytoplasmic faces of the plasmalemmas
(large arrows), (x200,000).
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Fig. 10. A glomerulus which has been incubated for 6 hours in TBSS containing 0.067 U/mi of neuraminidase. Note the extensive loss of
discrete podocyte foot processes (compare with Fig. 3) and a dramatic decrease in the number of knobby projections which characterize
glomeruli incubated for 3 hours in neuraminidase (see Fig. 5), (x3,000).
Fig. 11. Higher magn/lcation view of the area outlined in Fig. 10. Although major processes are still evident, when examined at higher
magnification, discrete foot processes and filtration slits are no longer seen between these processes (X 17,000).
ported by me [181 and other [241, however, in-
dicates the loss of serum albumin across the glomer-
ulus does not in itself result in the extensive altera-
tions of glomerular epithelium which characterize
PAN. In view of the results of the present investiga-
tion and the forementioned studies by Michael and
Blau et al [6, 7, 9], Seiler et a! [10, llJ and myself
[12], it more likely appears that loss of podocyte
foot processes during PAN results from an inter-
ference with glomerular epithelial sialic acid metab-
olism and a subsequent reduction in the glomerular
sialic acid coat.
As a result of the present and above mentioned
investigations, the question arises as to what role, if
any, does loss of podocyte foot processes and the
intervening filtration slits play in the etiology of gb-
merular disease. One possible consequence of fil-
tration slit loss is an initial reduction in the flow of
glomerular filtrate across the glomerular epithelium
into Bowman's capsular space. This is based on the
'F W.., 1•a_I
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belief that filtration slits are the main sites of hy-
draulic flux across the glomerular epithelium [18,
20, 25]. This theory is also supported by the finding
that there is a significantly reduced GFR coincident
with the loss of filtration slits at the onset of PAN
[26]. It has been proposed that the reduced volume
of glomerular filtrate resulting from this decreased
GFR may, in turn, be responsible for the oliguria
which characterizes onset of PAN proteinuria jjl8].
In another study [121, it was proposed that loss of
filtration slits may lead to the focal rupturing of gb-
merular epithelial cells [4] which characterizes
(PAN) [27] and human glomerular disease [28]. This
is based on the fact that the glomerular epithelium is
thinned and thereby perhaps weakened due to the
reduction in polyanionic surface charge. This com-
pounded with loss of low-resistent flow sites (that is,
gbomerular slits) across the epithelium may lead to a
rupturing of this epithelium in response to even nor-
mal transient blood cell blockage and resulting focal
increases in intraglomerular pressure. The occur-
rence of glomerular epithelial rupture sites may also
account for the little apparent change in overall in-
traglomerular pressure which has been reported in
PAN [29] despite loss of filtration slit pores.
Whether or not the above speculations are valid
must await further investigation. Nevertheless,
such speculations together with the results of the
present investigation lend further credence to the
view originally expressed by Mohos and Skoza [2]
that the glomerular epithelial sialic acid coat may
have far reaching implications in glomerular dis-
ease.
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